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The need t o  develop s u i t a b l e  methods f o r  descr ib ing  the  i n t e r a c t i o n s  

and t ranspor t  o f  high-energy, heavy charged-par t ic l  es through extended 

k t t e r  I s  important for a v a r i e t y  of app l i ca t ions  i nc lud ing  astronaut 

exposure t o  space rad ia t ions ,  spacecraft sh ie la ing,  rad iob io log i ca l  

- 

- 

stud ies,  accelerator  s h i e l d  design, and c l i n i c a l  uses i n  cancer therapy. 

For  most of  -these app l ica t ions ,  t he  t ranspor t  equat ion can be wr i t t en ,  

neg lec t ing  ta rge t  f ragmentat ion and using the  straight-ahead approximation, 

as 
- 

where 

@j(X,E) - - f l u x  o f  j t h  ions 

A j  - atomic mass number 

E - energy (MeV/Nucleon) 

uj(E) - nuclear absorpt ion cross sect ion 

S j ( E )  - stopping power 

mjk(E) - m u l t i p l i c i t y  o f  i o n  j produced by i o n  k 

- 

p - ta rge t  number densi ty.  
- - 

Cruc ia l  t o  s a t i s f a c t o r i l y  s o l v i n g  equation (1) are accurate values f o r  t he  

absorpt ion and fragmentation cross sections. 
- 

Unfor tunate ly ,  experimental 

data f o r  these cross sect ions are sparse. Hence, the t h e o r e t i c a l  and 

semi-empir ical methods must be u t i l i z e d  t o  provide the  necessary cross 

sec t ion  values. 
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Nuclear Absorption Cross Sections 

Because solutions t o  the transport  equat ion (eq. (1)) p0sses.s a n  

exponenti a1 dependence upon the i n p u t  absorpti on cross sect i ons 

for accurate values is paramount since even relatively small errors will 

result- i n  rather large transmitted f l u x  uncertainties. Absorption cross 

sections are typically estimated _using quantum-mechanical 

multiple-scattering models’, or from simple parameterizations based upon 

classical collision models. The main  advantage of the quantum mechanical 

the need 

models is- the accuracy of their predictions. 

the non- t r iv ia l  nature of the calculations and the extensive memory 

Their major disadvantages are 

requirements i f  the cross sections are stored i n  tables. 

theoretical model , the absorption cross sections are obtai  ned from 

In one 

- 

+ 2+ 
‘abs = d b (1 - expt-2 I m  x ( b ) l l  

- 

where the complex phase function, x Y  written in terms of the  

nucl eus-nucl eus o p t  i cal potent i a1 V ( b , z )  i s 
+ 

w i t h  

Symbols i n  equat ions (2 ) - (4 )  are 

.- 

m - nucleon mass 

b - impact parameter 
+ 
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A i ( i  = P,T) - p r o j e c t i l e  (P) and ta rge t  (T) mass numbers 

k - p r o j e c t i l e  momentum 

t - consti tuent-averaged, energy-dependent two-nucleon t r a n s i t i o n  

amp1 i tude 

p i ( i  = P , T )  - nuclear dens i t ies  o f  c o l l i d i n g  nuc le i  . 
Deta i l ed  ca lcu la t ions ,  extens ive tables o f  p red ic t ions ,  and comparisons 

w i t h  exper imental  data are presented e l  s e ~ h e r e . ~  
- 

As an a l t e r n a t i v e ,  parameterizations based upon c l a s s i c a l  c o l l i s i o n  

- models are useful because of t h e i r  s i m p l i c i t y .  The most commonly used ones 

are o f  the Bradt-Peters fo rm2 
- 

where ro and 6 are energy-independent parameters adjusted t o  f i t  

ava i l ab le  experimental data. These pararneter izat ions are reasonably 

-. 

accurate ( w i t h i n  5 percent)  a t  energies above -1 GeV/Nucleon where t h e  

cross sect ions are near ly  asymptotic. For lower energies subs tan t ia l  

d i f fe rences  e x i s t  due t o  the  cross sec t ion  energy dependence. 

f u l  l y  energy-dependent parameteri zat ions o f  proton-nucl eus4 and 

- 
~ 

- 

Recently, 

nucl eus-nucl eusS absorpt i on cross sections have been devel oped f o r  use i n 

t ranspor t  studies. These energy-dependent parameteri  z a t i  ons t y p i c a l  l y  

agree t o  w i t h i n  10 percent of the more d e t a i l e d  o p t i c a l  model p o t e n t i a l  

r e s u l t s  obtained w i t h  equation (2). 
- - 

- 



- 
. . - .  .- 

- .  _ -  .- 

4 

Fragmentation Cross Sections 

U n l i k e  absorpt ive processes, the physics under ly ing f ragmentat ion 

processes i s  not understood and remains a subject  o f  current  i n t e r e s t .  

Much of  t h e  sparse experimental data base i s  re levant  only t o  s tud ies o f  

t h e  undgr ly ing physics and not d i r e c t l y  -useful i n  t ranspor t  studies. 

Semi-empi r i i a l  formulae have been devel oped - t o  p r e d i c t  f ragmentat ion - cross 

s e c t i  ons6 bu t  t y p i c a l  inaccuraci  es are -30 percent . 
e f f o r t s  center upon a formalism c a l l e d  an Abrasion-Ablat ion Model. 

- - 

Current t h e o r e t i  c a l  

I n  

abrasion, por t ions  of the  nuclear volume aFe sheared o f f  i n  the  c o l l i s i o n .  

The remai n i  ng nucleus, h l g h l y  misshapen and exci ted,  then evaporates 

energy and p a r t i c l e s  ( a b l a t i o n  step) u n t i l  a f i n a l  fragment i s  formed i n  

i t s  ground state. The abrasion cross sec t ion  i s  ca lcu la ted  using geometric 

o r  quantum mechanical formalisms and t h e  a b l a t i o n  p r o b a b i l i t i e s  est imated 

us ing e x i s t i n g  evaporat ion codes. 

Cross Section Resul ts 

Representat ive r e s u l t s  f o r  carbon-carbon c o l l  i sions are l i s t e d  i n  t h e  
- 

tab1 e. Presented are absorpt ion cross sect  i om a t  several energies and 

fragmentat ion cross sect ions a t  2.1 GeV/Nucleon. 

inc lude experimental results8r9,10, and p r e d i c t i o n s  f rom 

The cross sect ions 

parameter izat ions and quantum mechanical models. For absorpt ion cross 

sections, the energy independent parameter izat ion f a i l s  a t  low energies,  
- 
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whereas the o p t i c a l  model ca lcu la t ions  and energy dependent 

parameter izat ion r e s u l t s  are i n  good agreement w i t h  the  experimental data. 

For  t h e  fragmentation, reasonable agreement i s  obtained f o r  some isotopes, 

however, l a r g e  disagreements e x i s t  f o r  others. C l e a r l y  much physics 

remains t o  be _understood about t h e  f ragmentat ion process. 
- 

- - -  
9- 
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Ta,,e 1.- Representa 

Energy 
MeV/Nucl eon 

- 

30 

83 

870 

2100 

8 

Optical Parameteri z a t  i on Experiment 
Model (ref. 8.9) 

Energy Energy 
Dependent Independent 

- - 
- .  

1174 1117 873 1315 f 40 

920 927 87 3 960 f 30 

853 90 1 87 3 939 f 49 

86 2 89 5 87 3 888 f 50 

4 -  

i ve Carbon-Carbon Nucl ear Cross Sections 

Absorption Cross Sect i on, mb 

!.1 GeV/Nucleon Fragmentation C r o s s '  Sections,' mb ' 

[sotope produced \brasi on-Ab1 a t  i on Model 

55.9 

13.7 

55.9 

31.0 

61.8 
- 

13.4 

14.0 

59.9 

- 54.1 

55.9 

86.1 

:xperiment (ref. 10) 

4.65 -+ 2.3 

4.11 .22 

53.8 f 2.7 

35.1 3.4 

- 
1.72 -+ -13 

5.81 f -29 

10.6 5 .5 

18.6 f .9 

21.5 ?: 1.1 

30.0 f 2.4 


